Abstract-The role for mitochondrial electron transport chain (ETC) in neurogenic hypertension is unidentified. We evaluated the hypothesis that feedforward depression of mitochondrial ETC functions by superoxide anion (O 2 ⅐Ϫ ) and hydrogen peroxide (H 2 O 2 ) in rostral ventrolateral medulla (RVLM), a brain stem site that maintains sympathetic vasomotor tone and contributes to oxidative stress and neural mechanism of hypertension. Compared with normotensive Wistar-Kyoto rats, spontaneously hypertensive rats exhibited mitochondrial ETC dysfunctions in RVLM in the forms of depressed complex I or III activity and reduced electron coupling capacity between complexes I and III or II and III. Key Words: hypertension Ⅲ free radicals Ⅲ antioxidants Ⅲ reactive oxygen species Ⅲ nervous system Ⅲ sympathetic Ⅲ blood pressure A n imbalance of production over degradation leads to cellular accumulation of reactive oxygen species (ROS), including superoxide anion (O 2 ⅐Ϫ ) and hydrogen peroxide (H 2 O 2 ). The resultant oxidative stress is involved in the pathogenesis of hypertension. 1,2 In the brain, an increase in tissue availability of ROS in the hypothalamus, 3 subfornical regions, 4 or brain stem 3,5,6 contributes to neurogenic hypertension. Thus, the basal level of O 2 ⅐Ϫ and H 2 O 2 in the rostral ventrolateral medulla (RVLM), a brain stem site for the generation and maintenance of sympathetic vasomotor tone, 7 is elevated in animal models of hypertension. 5,6,8 In addition, the expression and activity of the ROS degradative enzymes, particularly superoxide dismutase (SOD) and catalase, are notably reduced 6 in the RVLM of hypertensive animals. Treatment with the SOD mimetic Tempol 9,10 or overexpression of SOD or catalase transgene 6,8 in RVLM, on the other hand, blunts the elevated O 2 ⅐Ϫ and H 2 O 2 in RVLM, leading to reduction in sympathetic vasomotor outflow and vasodepression in hypertensive rats. NADPH oxidase and mitochondria are 2 major sources of ROS in the brain. 11,12 An increase in the generation of NADPH oxidase-derived O 2 ⅐Ϫ in neurons from brain regions involved in cardiovascular control plays a crucial role in the pathogenesis of neurogenic hypertension. 12 At the same time, mitochondrial O 2 ⅐Ϫ is produced in vivo by leakage of electrons from electron transport chain (ETC) complexes during normal cellular respiration. For example, a reduction in complex I enzyme activity leads to accumulation of electrons in the initial part of the transport chain (complex I and coenzyme Q), 13 which facilitates direct transfer of electrons to molecular oxygen that results in the generation of O 2 ⅐Ϫ . A decline in substrate binding activity of complex III, alongside reduced electron coupling capacity for succinate cytochrome c reductase (SCCR) to transport electrons to
A n imbalance of production over degradation leads to cellular accumulation of reactive oxygen species (ROS), including superoxide anion (O 2 ⅐Ϫ ) and hydrogen peroxide (H 2 O 2 ). The resultant oxidative stress is involved in the pathogenesis of hypertension. 1, 2 In the brain, an increase in tissue availability of ROS in the hypothalamus, 3 subfornical regions, 4 or brain stem 3, 5, 6 contributes to neurogenic hypertension. Thus, the basal level of O 2 ⅐Ϫ and H 2 O 2 in the rostral ventrolateral medulla (RVLM), a brain stem site for the generation and maintenance of sympathetic vasomotor tone, 7 is elevated in animal models of hypertension. 5, 6, 8 In addition, the expression and activity of the ROS degradative enzymes, particularly superoxide dismutase (SOD) and catalase, are notably reduced 6 in the RVLM of hypertensive animals. Treatment with the SOD mimetic Tempol 9,10 or overexpression of SOD or catalase transgene 6, 8 in RVLM, on the other hand, blunts the elevated O 2 ⅐Ϫ and H 2 O 2 in RVLM, leading to reduction in sympathetic vasomotor outflow and vasodepression in hypertensive rats. NADPH oxidase and mitochondria are 2 major sources of ROS in the brain. 11, 12 An increase in the generation of NADPH oxidase-derived O 2 ⅐Ϫ in neurons from brain regions involved in cardiovascular control plays a crucial role in the pathogenesis of neurogenic hypertension. 12 At the same time, mitochondrial O 2 ⅐Ϫ is produced in vivo by leakage of electrons from electron transport chain (ETC) complexes during normal cellular respiration. For example, a reduction in complex I enzyme activity leads to accumulation of electrons in the initial part of the transport chain (complex I and coenzyme Q), 13 which facilitates direct transfer of electrons to molecular oxygen that results in the generation of O 2 ⅐Ϫ . A decline in substrate binding activity of complex III, alongside reduced electron coupling capacity for succinate cytochrome c reductase (SCCR) to transport electrons to complex III via coenzyme Q, also results in generation of ROS. 14 Furthermore, electrons derived from complex II can undergo reverse transport to complex I to generate O 2 ⅐Ϫ . 15 In pulmonary hypertensive rats, the expression of mitochondrial ETC components in pulmonary arterial smooth muscle cells is decreased. 16 Likewise, reduced activities of ETC enzyme complexes are associated with renal oxidative stress in spontaneously hypertensive rats (SHRs). 17 In addition to being a major site of production, the mitochondrion also represents a target for ROS action. 18 In aortic endothelial cells, a recent study 13 suggests that O 2 ⅐Ϫ derived from NADPH oxidase alters mitochondrial functions and further increases mitochondrial ROS generation. This ROS-induced mitochondrial ROS production mechanism is involved in vascular endothelial dysfunction associated with hypertension. 13 The role of mitochondrial ETC complexes in the generation of O 2 ⅐Ϫ in RVLM and their contributions to neural mechanism of hypertension are hereunto unidentified. In addition, whether enzyme activities of mitochondrial ETC complexes are subject to modulation by the elevated O 2 ⅐Ϫ and/or H 2 O 2 in RVLM 5, 6, 8 during hypertension has not been explored. The present study evaluated the hypothesis that feedforward generation of ROS in RVLM because of O 2 ⅐Ϫ -and H 2 O 2 -dependent depression of mitochondrial ETC activities contributes to the neural mechanism of hypertension. Our results validated this hypothesis.
Methods
A brief summary of our experimental procedures is provided with references. A detailed description of materials and methods is available in the online data supplement (available at http://hyper. ahajournals.org).
Animals
Prehypertensive SHRs (5 to 6 weeks old; mean systemic arterial pressure [SAP; MSAP]: 122Ϯ4 mm Hg; nϭ112), SHRs with established hypertension (11 to 12 weeks old; MSAP: 176Ϯ6 mm Hg; nϭ125), or age-matched normotensive Wistar-Kyoto (WKY) rats (5 to 6 weeks old; MSAP: 120Ϯ5 mm Hg; nϭ114; or 11 to 12 weeks old; MSAP: 133Ϯ4 mm Hg; nϭ132) were used. All of the experimental procedures were in compliance with the guidelines of our institutional animal care committee.
Collection of RVLM Tissues and Isolation of Mitochondrial Fraction
Animals were killed by an overdose of pentobarbital sodium (100 mg/kg, IV). Tissues on both sides of the ventrolateral medulla that contained RVLM were collected by micropunches, 6, 8, 10 and the mitochondrial fraction was extracted by discontinuous Percoll gradient centrifugation. 19 
Measurement of Mitochondrial ETC Enzyme Activity
The activity of rotenone-sensitive complex I, malonate-sensitive complex II, antimycin A-sensitive complex III, sodium cyanidesensitive complex IV, and oligomycin-sensitive complex V, as well as reduced nicotinamide-adenine dinucleotide cytochrome c reductase (NCCR; marker for electron coupling capacity between complexes I and III) or succinate cytochrome c reductase (SCCR; marker for electron coupling capacity between complexes II and III), were assayed 20 using a thermostatically regulated ThermoSpectronic spectrophotometer (Fisher Scientific).
Measurement of O 2 ⅐؊ and H 2 O 2 in RVLM
The lucigenin-enhanced chemiluminescence assay 6, 10, 19 and manifestation of MitoSOX 21 were used to determine the O 2 ⅐Ϫ level, and an Amplex Red Hydrogen Peroxide/Peroxidase assay kit (Molecular Probe) 6 was used to measure the H 2 O 2 level in RVLM.
RNA Isolation and Real-Time RT-PCR
Total RNA from RVLM was isolated with TRIzol reagent according to the manufacturer's protocol. Reverse-transcriptase reaction was Complex V performed using a SuperScript Preamplification System for the first-strand cDNA synthesis. 22 Real-time PCR analysis was performed by amplification of cDNA using a LightCycler (Roche Diagnostics). 22 
Polyacrylamide Gel Electrophoresis/Immunoblotting
Blue-native-PAGE, combined with SDS-PAGE/Western blot, was used to analyze protein expression of individual ETC complexes in the mitochondrial fraction of RVLM. 23
Microinjection of Test Agents or Oligonucleotide Into RVLM
Microinjection bilaterally into RVLM of test agents or antisense (ASON) or sense (SON) oligonucleotide against the p22 phox subunit of NADPH oxidase was carried out stereotaxically in animals that were maintained under propofol anesthesia or anesthetized by pentobarbital sodium. 6, 10, 19, 22 In Vivo Gene Transfer Into RVLM by Adenoviral Vector
Administration of adenoviral vectors encoding green fluorescence protein (AdGFP), sod1 (AdSOD1), sod2 (AdSOD2), or catalase (AdCAT) gene was carried out stereotaxically and bilaterally into the confines of RVLM. 6, 8, 10 The cellular expression of SOD or CAT protein in RVLM was confirmed by immunocytochemistry. 6 
Implantation of Osmotic Minipump
For intracerebroventricular (ICV) infusion of angiotensin (Ang) II, an Alzet osmotic minipump was implanted subcutaneously in the back of the neck and connected to a cannula inserted into the right lateral cerebral ventricle. 24 For systemic infusion of phenylephrine, the osmotic minipump was implanted into the peritoneal cavity.
Measurement of Hemodynamic Parameters and Power Spectral Analysis of SAP Signals
SAP, MSAP, and heart rate were recorded from animals that were maintained under propofol anesthesia (30 mg kg Ϫ1 h Ϫ1 ), 6, 10, 19, 22, 24 or under conscious condition using radiotelemetry. 24 The recorded pulsatile SAP signals were simultaneously subject to online power spectral analysis. The total power density of the very low-and low-frequency spectral components (0 to 0.25 and 0.25 to 0.80 Hz) was used to reflect neurogenic sympathetic vasomotor activity. 25 
Statistical Analysis
All of the values are expressed as meansϮSEMs. One-way or 2-way ANOVA with or without repeated measures was used to assess group means, as appropriate, to be followed by the Scheffé multiple-range analysis for posthoc assessment of individual means. PϽ0.05 was considered statistically significant.
Results

Mitochondrial ETC Enzyme Activity Is Reduced in RVLM of SHRs
A fundamental premise for our hypothesis to be valid is for dysfunction of mitochondrial ETC complexes in RVLM to be associated with neurogenic hypertension. This issue was addressed in our first series of experiments. Compared with prehypertensive SHRs and age-matched WKY rats, the ac- tivity of complex I or III but not complex II, IV, or V was significantly lower in RVLM of SHRs with established hypertension ( Figure 1A ). There was also a significant decline in the electron-coupling capacity between complexes I and III or between complexes II and III, as demonstrated by the reduced activity of NCCR or SCCR ( Figure 1B ). On the other hand, the protein expression of complexes I to V in RVLM of SHRs and age-matched WKY rats was comparable, as was between prehypertensive and established hypertensive SHRs ( Figure S1A ). The purity of subcellular fractions was confirmed by the exclusive and comparable expression of prohibitin, a mitochondrial inner-membrane marker, in the mitochondrial fractions, and GAPDH in the cytosolic fractions of tissues obtained from RVLM of SHRs or age-matched WKY rats ( Figure S1B ).
Reduced Mitochondrial ETC Activity Leads to Augmented Tissue Level of O 2 ⅐؊ in RVLM of SHRs
We reported previously 6 that the O 2 ⅐Ϫ level in RVLM is elevated in SHRs. Using a mitochondria selective dye, 21 we further demonstrated in the present study that the number of MitoSOX-positive cells that colocalized with the neuronal marker NeuN and the intensity of MitoSOX immunoreactivity were significantly greater in SHRs than in WKY rats ( Figure S2 ). Two approaches were further used in our second series of experiments to establish that this augmented mitochondrial level of O 2 ⅐Ϫ is consequential to our observed decline in ETC enzyme activity and electron coupling capacity in RVLM of SHRs. Our first approach used coenzyme Q 10 (CoQ 10 ), a highly mobile electron carrier between complexes I and III or complexes II and III, 26 Figure  2A ). Second, microinjection of CoQ 10 into sites outside the anatomic confines of RVLM (eg, dorsolateral medulla, inferior olivary nucleus, and lateral reticular nucleus) in 12-week-old SHRs was ineffective against the elevated O 2 ⅐Ϫ levels ( Figure 2B ). Third, local application of CoQ 10 into RVLM did not affect the baseline level of O 2 ⅐Ϫ in RVLM of prehypertensive SHRs ( Figure 2C ). Fourth, CoQ 10 dosedependently restored the reduced NCCR or SCCR activity, detected 60 minutes postinjection, in RVLM of SHRs with established hypertension ( Figure 2D ) but not WKY rats or prehypertensive SHRs ( Figure S3 ). Fifth, CoQ 10 treatment elicited minimal effect on the reduced enzyme activity of SOD2 in SHRs 6 ( Figure 2E ).
Our second approach used 2 selective inhibitors, rotenone and antimycin A, to suppress, respectively, the activity of mitochondrial complex I or III in RVLM of normotensive WKY rats or prehypertensive SHRs. Given the abundance of SOD2 in the mitochondria that rapidly dismutates O 2 ⅐Ϫ to H 2 O 2 in normotensive animals, the latter was used as an index of oxidative stress. Microinjection bilaterally into RVLM of rotenone (100 or 500 pmol) resulted in a progressive and dose-dependent increase in the mitochondrial level of H 2 O 2 in RVLM of 6-( Figure 3B ) or 12-week-old (data not shown) WKY rats or prehypertensive SHRs ( Figure 3A) . Furthermore, the induced increase in the H 2 O 2 level in WKY rats or prehypertensive SHRs was significantly antagonized by coadministration of CoQ 10 (5 nmol). Comparable results were obtained on microinjection bilaterally into RVLM of antimycin A (1 or 5 nmol; Figure S4 ). 6 and will, thus, introduce a confounding factor, we have chosen to establish oxidative stress in RVLM using WKY rats. ICV infusion of Ang II, which elicits a pressor response by generating O 2 ⅐Ϫ via Ang II type 1 (AT 1 ) receptordependent activation of NADPH oxidase in RVLM, 24, 27 was used for this purpose, in conjunction with radiotelemetry in conscious animals. Figure 4 shows that, on day 5 after ICV infusion of Ang II (100 ng h Ϫ1 L Ϫ1 ), when significant elevation in SAP and tissue level of O 2 ⅐Ϫ in RVLM takes place, 24 the enzyme activity of complex I, II, or III but not Complex IV or V in this medullary site was significantly reduced in 12-week-old WKY rats ( Figure 4A ), along with depressed NCCR or SCCR activity ( Figure 4B ). There was also an increase in mitochondrial H 2 O 2 level in RVLM ( Figure 4C) 
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Reduced Mitochondrial ETC Activity in RVLM Underlies Neurogenic Hypertension
Our fifth series of experiments established a causal relationship between mitochondrial ETC dysfunction in RVLM and neural mechanism of hypertension. In normotensive WKY rats, microinjection bilaterally into RVLM of rotenone (100 or 500 pmol; Figure 6A ) or antimycin A (1 or 5 nmol; Figure  S6 ) dose-relatedly increased MSAP and power density of the vasomotor components of SAP signals. Those cardiovascular responses induced by rotenone (500 pmol) were significantly attenuated by coadministration bilaterally into the RVLM of CoQ 10 (5 nmol) or Tempol (10 nmol), detected at 60 minutes postinjection ( Figure 6B ). On the other hand, local application of CoQ 10 (1.0, 2.5, or 5.0 nmol) to RVLM of SHRs with established hypertension, but not in age-matched WKY rats or prehypertensive SHRs ( Figure S7 ), promoted a dosedependent decrease in MSAP and sympathetic neurogenic vasomotor tone ( Figure 7 ). In addition, the augmented cardiovascular responses induced 5 days after ICV infusion of Ang II (100 ng h Ϫ1 L Ϫ1 ) detected by radiotelemetry in WKY rats were significantly attenuated by CoQ 10 (5 nmol; Figure 8A and 8B) or Tempol (10 nmol; Figure 8B ) in acute experiments under anesthesia. CoQ 10 (5 nmol), on the other hand, elicited minimal effect on the elevated MSAP induced in WKY rats 5 days after intraperitoneal infusion of phenylephrine (3 mg kg Ϫ1 day Ϫ1 ; Figure S8A ). CoQ 10 treatment also did not alter basal levels of H 2 O 2 in RVLM measured on day 5 or 7 postinfusion ( Figure S8B ).
Discussion
The present study provided evidence for the first time on the engagement of a hitherto unknown interplay between oxidative stress and dysfunction of mitochondrial ETC complexes in RVLM in the neural mechanism of hypertension. We demonstrated that O 2 ⅐Ϫ -and H 2 O 2 -dependent inhibition of mitochondrial ETC complexes I and III and reduction in electron transport capacity between complexes I and III or complexes II and III resulted in feedforward generation of ROS. Our results further revealed that mitochondrial ETC dysfunction may be consequential to defects in antioxidant enzymes that predispose RVLM cells to oxidative stress during hypertension, alongside a cross-talk between NADPH oxidase-derived O 2 ⅐Ϫ and mitochondrial ETC enzyme complexes. These findings provided novel insights into the cellular mechanisms that underlie chronic oxidative stress in RVLM, which leads to manifestation of sustained augmentation of sympathetic vasomotor tone and hypertensive phenotypes in SHRs.
Mitochondrial ETC Dysfunction in RVLM During Hypertension
Our results indicated a significant reduction in enzyme activities of mitochondrial ETC complexes I and III in RVLM during hypertension, accompanied by a decrease in electron coupling capacity between complexes I and III or II and III. That the identified deficiencies in substrate binding and electron coupling capacity of the ETC complexes were only exhibited in RVLM of SHRs with established hyperten- sion but not in age-matched WKY rats indicates that the positive association of mitochondrial ETC dysfunction with hypertension is not confounded by aging, which by itself affects mitochondrial functions. 28 The presence of comparable protein expression of complexes I to V between SHRs and WKY rats or between prehypertensive and establishedhypertensive SHRs further suggests that the amount of individual mitochondrial ETC complex in RVLM is not a contributing factor. A decline in mitochondrial ETC complex activity and/or electron coupling capacity was reported in vascular endothelial cells, 13 kidney, 29 
Mitochondrial ETC Dysfunction Is Causally Related to Oxidative Stress in RVLM During Hypertension
Because neurons depend primarily on aerobic metabolism for cellular energy, the mitochondrion is a major source of ROS 15 in the brain via leakage of electrons from ETC complexes during oxidative phosphorylation. Our observed decrease in enzyme activities of complexes I and III is, therefore, in line with an increase of O 2 ⅐Ϫ production in RVLM of SHRs. 6, 8 In the peripheral vasculature, the mitochondrion has been reported to be a major cellular source of ROS in desoxycorticosterone acetate-salt hypertension. 30 The observation that almost all of the MitoSOX-containing cells colocalized with NeuN-immunoreactivity implies that the major sources of O 2 ⅐Ϫ produced in the mitochondria are RVLM neurons, although contributions from glia, pericytes, and endothelial cells could not be excluded. Both gain-of-function and loss-of-function approaches in the present study further ascertained that mitochondrial ETC dysfunction leads to oxidative stress in RVLM during hypertension. We found that restoration of activities of NCCR and SCCR by CoQ 10 site-specifically ameliorated the elevated tissue level of O 2 ⅐Ϫ in RVLM of 12-week-old SHRs but not age-matched WKY rats or prehypertensive SHRs. We also observed that inhibition of enzyme activity of complex I 31 or III 32 in RVLM by rotenone or antimycin A dose-dependently increased the H 2 O 2 level in RVLM of WKY rats and prehypertensive SHRs. These results suggest that the O 2 ⅐Ϫ lessened by CoQ 10 in the RVLM of SHRs is produced by the mitochondrial ETC. In addition, they support the notion that a key consequence of our observed decline in mitochondrial ETC enzyme activity and electron coupling capacity in RVLM during hypertension is oxidative stress evoked by augmented tissue levels of O 2 ⅐Ϫ and H 2 O 2 . We recognize that CoQ 10 may also function as an antioxidant. 33 Because CoQ 10 restored a rotenone-or antimycin A-induced increase in H 2 O 2 and vasopressor responses in normotensive rats, its role as a scavenger for free radicals produced by the ETC cannot be excluded. Because of the minimal effect of CoQ 10 treatment on the O 2 ⅐Ϫ level in RVLM of prehypertensive SHRs or WKY rats or on enzyme activity of SOD2 in SHRs, we reasoned that the contribution of antioxidant action of CoQ 10 to our results was nominal. The demonstration in cultured cells that exogenous CoQ 10 can be incorporated into mitochondrial inner membranes to increase CoQ-dependent activities, in particular electron transport between complexes I and III or complexes II and III, 34 supports the notion that a key action of CoQ 10 in the RVLM of SHRs is the restoration of reduced mitochondrial electron transport capacity. We are also aware that rotenone reportedly imposes toxicity on neurons and glia cells after intracranial application. 35 Because CoQ 10 significantly reversed the increase in H 2 O 2 level elicited by this complex I inhibitor in RVLM of WKY rats and prehypertensive SHRs, we reason that its effect to induce mitochondrial oxidative stress was pharmacological rather than toxicological. Moreover, the doses of rotenone used in the present study were much lower than those used to induce neurodegeneration. 35 6 coupled with depressed activity of mitochondrial SOD2, predispose mitochondria in RVLM of SHRs to oxidative stress, which, in turn, leads to the feed- 
Oxidative Impairment of Mitochondrial ETC Complexes in RVLM
Chan et al Mitochondrial Dysfunction in RVLM and Hypertension
forward suppression of ETC enzyme activity. This redoxsensitive impairment of mitochondrial ETC functions thus sustains the excessive oxidative stress in RVLM of SHRs ( Figure S9 ). Our observations that overexpression of cytosolic SOD1 or catalase decreased mitochondrial O 2 ⅐Ϫ and H 2 O 2 further suggest that ROS produced in the mitochondrial compartment is subject to regulation by free radicals from the cytosolic compartment. That gene transfer of AdSOD1 and/or AdCAT produced comparable reversal of ETC functions further implies that the cytosolic ROS may work through a common mechanism to inhibit mitochondrial ETC functions. In this regard, ETC complex subunits, including Fe-S subunits 1 and 2 of complex I; malondialdehyde and 4-hydroxynonenal adducts of complex II; and cores 1 and 2 of complex III, are specific targets of O 2 ⅐Ϫ -mediated oxidative modification. 20 
Significance of Mitochondrial ETC Dysfunction in Neural Mechanism of Hypertension
The present study provided novel evidence to demonstrate a previously unidentified causal relationship between mitochondrial ETC dysfunction in RVLM and the neural mechanism of hypertension. Results from loss-of-function or gainof-function experiments demonstrated that an elevation of mitochondrial H 2 O 2 induced by inhibition of complexes I and III or Ang II-elicited activation of NADPH oxidase resulted in a Tempol-dependent increase in SAP and sympathetic neurogenic vasomotor activity in WKY rats. On the other hand, restoration of the reduced mitochondrial electron transport capacity by CoQ 10 reversed the augmented neurogenic sympathetic vasomotor tone and hypertension in SHRs and blunted the chronic pressor effects of Ang II in WKY rats. We reported previously 6 that gene transfer of SOD1, SOD2, or catalase to RVLM results in long-term vasodepressor response in conscious SHRs. Our present results further showed that the SOD1, SOD2, or calatase transgene significantly restored ETC functions and blunted the elevated O 2 ⅐Ϫ and H 2 O 2 levels in RVLM of SHRs. Assembly defects in mitochondrial ETC complexes in the brain stem of SHRs are reportedly 23 associated with hypertension. The present study further provided novel demonstrations that mitochondrial ETC complexes may be another important cellular source of O 2 ⅐Ϫ and H 2 O 2 in RVLM that contribute to neural mechanisms of hypertension via sympathoexcitation. 6, 8, 37 In addition, we showed that a cross-talk between NADPH oxidasederived O 2 ⅐Ϫ and mitochondrial ETC complexes also contributes to the feedforward induction of mitochondrial dysfunction in RVLM that exacerbates hypertension.
We reported previously 22 that O 2 ⅐Ϫ in RVLM contributes to the neural mechanism of hypertension by potentiation of glutamatergic neurotransmission via phosphorylation of p38 mitogen-activated protein kinase. Others 38, 39 indicate that ROS may directly activate Ca 2ϩ currents that lead to depolarization of neurons and increased excitability and spontaneous activity. In addition to these potential cellular mechanisms that may underlie an increase in electric firing of presympathetic motoneurons in RVLM, the present study demonstrated the significant contribution of mitochondrial ETC dysfunction to neural mechanisms of hypertension. The lack of effect of CoQ 10 on ETC activities in RVLM and basal SAP of prehypertensive SHRs or WKY rats further establishes a causal role for mitochondrial ETC dysfunction in the pathogenesis of neurogenic hypertension. The minimal action of CoQ 10 on the increase in SAP elicited by chronic intraperitoneal infusion of a direct vasoconstrictor, phenylephrine, and the indiscernible alterations in basal H 2 O 2 levels in RVLM further suggest that mitochondrial dysfunction and oxidative stress in RVLM may not be secondary to peripheral hypertension.
Perspectives
Hypertension is a multifactorial disease, the pathogenesis of which involves interactions between genetic and environmental factors. Polymorphism of NADPH oxidase p22 phox or SOD gene 40, 41 is associated with human essential hypertension. At the same time, ETC complex subunits are specific targets of O 2 ⅐Ϫ -mediated oxidative modification. 19 Based on results from the present study, we speculate that genetic variants in NADPH oxidase and/or SOD predispose an elevated tissue level of ROS in RVLM, which, in turn, impairs mitochondrial ETC enzyme complexes, leading to further production of O 2 ⅐Ϫ and H 2 O 2 . Manifestation of this repertoire of cellular events in a vicious cycle of ROSdependent mitochondrial ROS production 42 amply demonstrates that an interplay between genetic and environmental factors underlies the development of chronic oxidative stress in RVLM, leading to exaggerated sympathoexcitation and hypertension. This clinical perspective opens a new vista for the development of remedial strategies against the association of oxidative stress with cardiovascular disease, including hypertension, in the form of protection of mitochondrial ETC functions. 
Collection of Tissue Samples from Ventrolateral Medulla
At various time intervals after experimental treatment, rats were killed with an overdose of sodium pentobarbital (100 mg/kg, IP) and perfused intracardiacly with 150 ml of warm (37°C) saline containing heparin (100 U/mL). The brain was rapidly removed and placed on dry ice, blocked in the coronal plane, and sectioned at 300-µm thickness in a cryostat. Both sides of the ventrolateral medulla covering the RVLM were collected by micropunches made with a stainless steel bore (1 mm i.d.). 
Isolation of Mitochondrial or Cytosolic or Membranous Fractions
Samples of the ventrolateral medulla were minced and disrupted in an ice-cold isolation buffer containing 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 5 mM NaN 3 , 50 3 mM NaF and 250 mM sucrose. Aprotinin (10 µg/mL), phenylmethylsulfonyl fluoride (20 µg/mL) and trypsin inhibitor (10 µg/mL) were included in the isolation buffer to prevent protein degradation. Isolation of mitochondrial fraction was carried out by discontinuous Percoll gradient centrifugation according to procedures described previously. 2 This procedure yields 10-15% of the total mitochondria, and enriches the mitochondrial fraction by at least 10-fold when compared with tissue homogenates. 3 In brief, tissue samples were gently homogenized with a glass-glass homogenizer. The homogenates were centrifuged at 1400g for 5 minutes at 25°C to remove nuclei and unbroken cell debris, and the supernatant was collected and centrifuged at 10,000g for another 20 minutes at 4°C to pellet the mitochondria. The supernatant was further centrifuged at 50,000g (4°C) for 60 minutes. The resulting pellet contains total membranous protein, and the supernatant is referred to as the cytosolic fraction. The mitochondrial pellet was resuspended in 1 ml of isolation medium. This was layered on a discontinuous gradient consisting of 3 ml of 12% Percoll, 4 ml of 26% Percoll, 
Assays For Activity of Individual Mitochondrial Electron Transport Chain Enzyme
Activity of individual mitochondrial ETC complex enzymes was determined 4 immediately after isolation of mitochondrial fraction, using a thermostatically regulated ThermoSpectronic spectrophotometer (Fisher Scientific, Loughborough, UK). All enzyme assays were performed at 30°C according to procedures reported previously. 4, 5 At least quadruplicate determinations were carried out for each tissue sample in all enzyme activity assays, and the activity is expressed as nmol/min/mg protein.
The activity of complex I (NADH:ubiquinone oxidoreductase) was determined by monitoring the oxidation of NADH at 340 nm. The assay medium contains a mixture of 25 mM potassium phosphate (pH 7.2 at 20°C), 5 mM MgCl 2 , 2.5 mg/ml bovine serum albumin, and 2 mM KCN. Baseline activity was established for 1 minute after the addition of 0.13 mM NADH, 65 µM ubiquinone, and 2 µg/mL antimycin A. The reaction was initiated by addition of mitochondria (25 µg of protein), and the rate of oxidation of NADH was monitored by the decrease in absorbance at 340 nm and was recorded for 3 minutes. Rotenone (2 µg/mL) was then added, and the rate of change in absorbance was measured for an additional 3 minutes. Complex I activity was determined by subtracting the rotenone insensitive activity from the total activity.
The activity of complex II (succinate:ubiquinone oxidoreductase) was determined by monitoring the reduction of 2,6-dichloroindophenolate at 600 nm. The assay medium is the same as for complex I assay. Mitochondria (25 µg of protein) were incubated at 30°C for 20 minutes in an assay buffer containing 20 mM succinate and 0.2 mM ATP. The reaction was initiated by addition of 2 µg/mL antimycin A, 2 µg/mL rotenone, 2 mM KCN, 50 µM 2,6-dichloroindophenolate, and 65 µM ubiquinone. The rate of reduction of 2,6-dichloroindophenolate was recorded for 3 minutes. 10 mM malonate was then added to inhibit the enzymatic activity. Complex II activity was determined by subtracting the malonate insensitive activity from the total activity.
The activity of complex III (ubiquinol:cytochrome c oxidoreductase) was determined by monitoring the reduction of ferrocytochrome c at 550 nm. The assay medium is the same as for complex I. 2 mM KCN was included in the assay media to prevent the reoxidation of the product, ferrocytochrome c, by cytochrome c oxidase. or GAPDH (1:1000; Chemicon, Temecula, CA).
Measurement of O 2 − and H 2 O 2 Levels
Superoxide anion (O 2 − ) production was determined by lucigenin-enhanced chemiluminescence according to previously described and validated methods.
2,7
Tissue samples from ventrolateral medulla were homogenized in a 20 mM sodium phosphate buffer, pH 7.4 that contains 0.01 mM EDTA by a glass-to-glass homogenizer. The homogenate was subjected to low speed centrifugation at 1000g for 10 minutes at 4°C to remove nuclei and unbroken cell debris. The pellet was discarded and the supernatant was obtained immediately for O 2 − measurement.
Background chemiluminescence in a buffer (2 mL) that contains lucigenin (5 µM)
was measured for 5 minutes. An aliquot of 100 µl of the supernatant was then added, and chemiluminescence measured for 10 minutes at room temperature (Sirius Luminometer, Berthold, Germany). O 2 − production was calculated and expressed as µmol/min/mg protein. Specificity for O 2 − was determined by adding SOD (350 U/mL) into the incubation medium.
H 2 O 2 production in the mitochondrial fraction was assessed using the Amplex Red hydrogen peroxide/peroxidase assay kit (Molecular Probe, Inc., Eugene, OR). 8 Reaction mixtures containing 50 µM Amplex Red reagent, 0.1 units/mL peroxidase and mitochondrial fraction (1 mg protein/mL) were incubated at room temperature for 30 minutes. H 2 O 2 levels were determined by measuring the absorbance at 570 nm, 8 and expressed as pmol/min/mg protein, using a standard curve.
Double Immunofluorescence Staining and Laser Confocal Microscopy
We assessed the distribution of SOD1 or catalase protein in the RVLM after gene transduction by double immunofluorescence staining. 9 In brief, free-floating 25 µm sections of the medulla oblongata were incubated with a rabbit polyclonal antiserum against SOD2 (StressGene; 1:1000) or catalase (Sigma-Aldrich; 1:1000), or a mouse monoclonal antiserum directed against a neuron-specific nuclear protein (NeuN) The primer pairs for amplification of p22phox cDNA (GenBank accession no.
AJ295951) were 5'-GTCTGCTTGGCCATTGC-3' for the forward primer, and 5'-CTGCTTGATGGTGCCTC-3' for the reverse. 7 Primer pairs for GAPDH cDNA (GenBank accession no. NM017008) were 5'-GCCAAAAGGGTCATCATCTC-3' for the forward primer, and 5'-GGCCATCCACAGTCTTCT-3' for the reverse. 7 The amplification protocol for cDNA was a 10-minute denaturation step at 95°C for polymerase activation, a "touch down" PCR step of 10 cycles consisting of 10 seconds at 95°C, 10 seconds at 65°C and 30 seconds at 72°C, followed by 40 cycles consisting of 10 seconds at 95°C, 10 seconds at 55°C, and 30 seconds at 72°C. After slow heating (0.1°C per second) the amplified product from 65°C to 95°C to generate a melting temperature curve, which serves as a specificity control, the PCR samples were cooled to 40°C. The PCR products were subsequently subjected to agarose gel electrophoresis for further confirmation of amplification specificity. Fluorescence signals from the amplified products were quantitatively assessed using the , where ∆∆Ct = (Ct p22 phox − Ct GAPDH ) oligonucleotide treatment − (Ct p22 phox − Ct GAPDH ) control ). Note that Ct value is the cycle number at which fluorescence signal crosses the threshold. 
Microinjections of Test Agents Into the RVLM
Measurement of Systemic Arterial Pressure and Heart Rate
To monitor systemic arterial pressure (SAP) and heart rate (HR) under anesthetized ), which provided satisfactory anesthetic maintenance while preserving the capacity of central cardiovascular regulation. 13 Pulsatile and mean SAP (MSAP), as well as HR were recorded on a polygraph (Gould, Valley View, OH).
Animals were mechanically ventilated to maintain an end-tidal CO 2 to be within 4 to 5%, as monitored by a capnograph (Datex Normocap, Helsinki, Finland). All data were collected from animals with a maintained rectal temperature of 37 ± 0.5°C.
In a separate series of experiments, SAP and HR were measured in conscious rats using a radio-telemetry system (Data Sciences International, Minneapolis, MN). 14 For 12 implantation of radio-telemetry receiver, rats were anesthetized with sodium pentobarbital (50 mg/kg, IP). A flexible catheter attached to a telemetry transmitter (Data Sciences International) was inserted into the abdominal aorta immediate below the renal arteries and secured in place with surgical glue. The transmitter was secured to the abdominal muscle and remained in the abdominal cavity for the duration of the experiment. The skin was closed using non-absorbable suture, and rats were returned to individual cages positioned over an RLA-3000 radiotelemetry receiver (Data Sciences International). Animals routinely received procaine penicillin (1,000 IU, IM) injection postoperatively to prevent infection. Only animals that showed progressive weight gain after the operation were used in subsequent experiments. SAP was recorded continuously for 60 minutes every day between 1300 and 1500, and telemetry data were collected for a maximum of 7 days.
Power Spectral analysis of Systemic Arterial Pressure Signals
The recorded pulsatile SAP signals under anesthetized condition were simultaneously subject to on-line and real-time power spectral analysis. 1 We were particularly interested in the very low-frequency (0-0.25 Hz) and low-frequency (0.25-0.8 Hz)
components of SAP signals. These spectral components of SAP signals were reported to take origin from the RVLM, and reflect the prevalence of sympathetic neurogenic vasomotor tone. 15, 16 Temporal changes in the power density of these vasomotor components of SAP signals were measured for at least 60 minutes after microinjection of test agents bilaterally into the RVLM.
Intracerebroventricular or Intraperitoneal Implantation of Osmotic Minipump
After obtaining baseline SAP for at least 3 days using radio-telemetry, animals were Palo Alto, CA), which was placed under the skin in the neck region, for infusion of Ang II (100 ng) at 1 µL/h for 7 days. 14 The implantation were permanently fixed to the skull with surgical glue. For intraperitoneal infusion of phenylephrine, the osmotic minipump was implanted into the peritoneal cavity. Again, animals received procaine penicillin (1,000 IU, IM) injection postoperatively, and only animals that showed progressive weight gain after the operation were used in subsequent experiments.
Control infusion of aCSF (for ICV infusion) or saline (for IP infusion) served as volume and vehicle control.
Construction and Purification of Adenovirus Vectors
To generate adenovirus encoding SOD1 (AdSOD1), human SOD1 cDNA was and NaH 2 PO 4 1.2. Animals were allowed to recover in their home cages with free access to food and water.
Histology
With the exception of animals used for biochemical analyses, the brain stem was removed from animals after they were killed by an overdose of sodium pentobarbital 
